The mechanisms by which group-living animals collectively exploit resources, and the role of individuals in group decisions, are central issues for understanding animal distribution patterns. We investigated the extent to which boldness and shyness affect the distribution of social herbivores across vegetation patches, using sheep as a model species. Using an experimental and a theoretical approach, we show that collective choices emerge through the nonlinear dynamics of interactions between individuals, at both short and long distances. Within a range of parameter values derived from the observation of homogeneous groups of each behavioural type, we propose a simple mechanism whereby the same interaction rules can result in different patterns of distribution across patches for bold and shy individuals. We present a mathematical model based on behavioural rules derived from experiments, in which crowding and conspecific attraction affect the probability of entering or leaving patches. Variation in the strength of social attraction is sufficient to account for differences in spatial distribution across patches. The model predicts that resource fragmentation more strongly affects the distribution patterns of shy groups, and suggests that the presence of both bold and shy individuals within groups would result in more flexible behaviour at the population level.
INTRODUCTION
In group-living species, integrated decisions made by individuals result in collective behaviours which may, in turn, influence interactions between individuals and shape the resulting social system. Since the early 1970s, collective decision-making has been studied in several taxa (Camazine et al. 2001; Conradt & Roper 2005; Sumpter 2006) , and in a variety of contexts including collective movements in primates (Petit et al. 2009 ), ungulates (Gueron & Levin 1993; Ramseyer et al. 2009 ), fishes (Parrish et al. 2002; Sumpter et al. 2008) , birds (Ballerini et al. 2008; Daruka 2009 ), insects (Dussutour et al. 2004; Buhl et al. 2006) and unicellular organisms (Palsson & Othmer 2000) ; the selection of feeding sites or shelters in ants (Depickère et al. 2004; Jeanson et al. 2004) , honeybees (Camazine & Sneyd 1991; Britton et al. 2002) , cockroaches (Amé et al. 2006; Jeanson & Deneubourg 2007 ) and bats (Kerth et al. 2006) ; nest building in termites (Deneubourg 1977) and ants (Franks et al. 1992; Rasse & Deneubourg 2001) , and activity synchronization in ants (Goss & Deneubourg 1988; Boi et al. 1999) and sheep (Gautrais et al. 2007) . With a few noticeable exceptions, studies carried out with social or gregarious insects and in fishes have provided most of the experimental support for principles underlying collective decisions, while theoretical models have advanced ahead of empirical evidence in other vertebrates (Couzin & Krause 2003) . Empirical studies typically consist of the quantification of individual interactions and the average performance of a collection of individuals, established under experimental conditions. However, variation among individuals within social groups is being increasingly recognized as an important determinant driving group behaviours and shaping collective decisions. Attention has notably been paid to the existence of particular individuals behaving as leaders, or as informed individuals, and to their having a greater effect on collective decision-making than other group members (Couzin et al. 2005; King et al. 2008; Stueckle & Zinner 2008; Conradt et al. 2009 ). Differences in the needs or preferences of one or a few individuals for a resource have also been shown to affect the outcome of collective decisions, without involving hierarchical interactions (Scott et al. 1995; Biro et al. 2006; Fischhoff et al. 2007) . But other differences are likely to modulate collective decision-making: over the past few years, the concepts of personality, temperament and coping style have all received increasing attention. In many vertebrates, including birds, fishes and rodents, individuals differ in aggressiveness, sociability, level of activity, reaction to novelty and fearfulness (Koolhaas et al. 1999; Gosling 2001; Sih et al. 2004; Réale et al. 2007) . Such personality traits have been used to characterize behavioural types and gave rise to the concept of 'bold' and 'shy' individuals. The 'shy-bold continuum' is now recognized as a fundamental axis of behavioural variation in animals (Wilson et al. 1994) , and is associated with the response of an individual to risk-taking and novelty (Réale et al. 2000; Brick & Jakobsson 2002) . While research has focused on context dependence (e.g. Van Oers et al. 2005) or the adaptative values of personality traits (e.g. Dingemanse & Réale 2005 ) and, to a lesser extent, on their evolutionary history (Dall et al. 2004; Bell 2007; Cote et al. 2008) , comparatively little is known about the extent to which personality influences collective decision-making and their dynamics.
In the context of social foraging, the coexistence of individuals within groups differing in their behavioural strategies has mainly been addressed in terms of game theory and has received both theoretical and empirical attention (Giraldeau & Caraco 2000) . The producerscrounger model postulates that groups can include a mixture of strategies with some individuals (the scroungers) specializing in exploiting food resources discovered by others (the producers) (Vickery et al. 1991; Giraldeau & Beauchamp 1999) . In addition, it has been proposed that individuals can adjust their foraging strategies depending on environmental constraints such as food patch size or social context (Barta & Giraldeau 1998; King et al. 2009 ). Although foraging economy provides valuable insights into social dynamics, few studies have addressed the proximal mechanisms underlying the influence of personality on groups foraging in fragmented environments.
The aim of the present study was thus to investigate the links between animal personality and the individual and collective decision-making processes in groups of large vertebrates foraging across patchy resources. We address two questions about collective decisions: (i) how the decision of an individual to enter or to leave a patch depends on the local density of conspecifics, and (ii) how personality affects decisions at both individual and collective level. We propose a mathematical model of individual decision-making, based on data from an experiment which used sheep (Ovis aries) as a model species (Michelena et al. 2009) , to make predictions about the extent to which boldness and shyness affect foraging dynamics in patchy resources. In the experiment, we standardized conditions in terms of sex, age and familiarity between individuals, as well as animal density and pasture conditions. The model, using parameter values derived from the experimental data, provides a formal link between individual and collective behaviour.
MATERIAL AND METHODS

(a) Experiments
The subjects of the experiment were 40 one-year-old, female Scottish blackface sheep, previously identified as either shy (n ¼ 20) or bold (n ¼ 20) personality types from their performance in an indoor exploration test where the individuals that explored the least were considered to be shy and those that explored the most were considered to be bold (Michelena et al. 2009; Sibbald et al. 2009 ). In the experiment, the distribution of groups of two, four, six or eight individuals, made up of either exclusively shy or exclusively bold sheep, were observed in a series of 30 min grazing tests. The tests were carried out in identical 45 Â 5 m outdoor arenas, each consisting of a background of short grass (4.6 + 0.6 cm) with patches (5 Â 5 m) of taller grass (11.9 + 1.6 cm) at each end. Behaviour was recorded on a videotape, and the numbers of sheep on each patch and on the background were counted every second. The times at which individual sheep entered or left the patches were also recorded, and the duration of bouts spent on patches and background was measured. Complete details of the arenas and experimental procedures can be found in Michelena et al. (2009) . Each group size was tested for each personality type in each of the five replications of the experiment. Each individual animal was tested once in each replication and in each group size at least once, with group composition balanced to include as many different combinations of individuals as possible.
(b) Data analysis Mean bout durations on a patch or on the background were calculated for single individuals and for groups of two, four, six and eight individuals. For each group size, the lifetime of a group was defined as the elapsed time between the point at which a new individual entered the patch or the background and the point at which any individual left the patch or the background. Lifetimes were calculated using the survival package of R software. Experimental data were fitted using nonlinear least-squares regressions performed with SPSS (v. 11.0, SPSS, Chicago, IL). The probability of leaving a patch or the background was calculated for each group size, assuming that the probability was constant per unit time (i.e. a Markovian process). In order to estimate the probability of entering a patch, we calculated the proportion of cases where an individual joined the largest group, as a function of the number of sheep located on each patch. Data for one group of eight bold sheep were excluded from the analyses because a sheep caught its horn in the fence during the observations.
RESULTS
(a) Characterization of individual decision rules (i) Probability of leaving a patch or the background The probability of an individual leaving either a patch or the background decreased with the number of sheep located on the patch, whether the sheep were bold or shy (figure 1a). The theoretical probability of leaving corresponds to the ratio of the sensitivity to crowding and social attraction exerted by conspecifics within the individual's immediate vicinity. The experimental data were fitted with the function
This function formulates the individual attraction effect and calculates the probability of leaving a patch (or background) according to its area and the number of animals present. In equation (3.1), N is the number of sheep located on the patch (or background), S (m 2 ) is the area of the patch (or background), K is the maximal crowding density (individual m
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), d is a coefficient of sensitivity to crowding, a is the mean spontaneous time before an isolated individual leaves the patch (or background), and u represents a coefficient of social attraction. In order to select the most parsimonious model, we constrained the parameter set and fitted the experimental curves with equation (3.1) by minimizing the residual sum of squares to estimate parameter values. Assuming that, in our experiment, the main difference between bold and shy sheep was their sensitivity to social attraction, the a, K and d were all kept constant. This implies that bold and shy sheep were equally sensitive to crowding effects, whether they were on patches or on the background. The best fit to the experimental data (r 2 ¼ 0.80) was obtained with a ¼ 78, K ¼ 0.53 and d ¼ 2.5, and with u ¼ 188 for bold and u ¼ 245.7 for shy sheep on the patches and with u ¼ 42 for bold and u ¼ 145 for shy sheep on the background (figure 1a). Interestingly, these results suggest that social attraction is higher for shy sheep than for bold sheep, on both the patches and the background. The lower values for u on the background compared to the patches might be explained by a different trade-off being made when animals are grazing short versus tall and more appetizing grass.
(ii) Probability of entering a patch The probability of a sheep entering a particular patch i (P i ), was related to the number of conspecifics on each of the patches (figure 1b). The experimental data were fitted with the function
ð3:2Þ Equation (3.2) is a choice function, which quantifies the way a sheep makes the decision to enter a patch, as a function of the numbers N i and N j of conspecifics on each of the patches. The parameter 1 determines the sensitivity to social attraction at long distances and the nonlinearity of the choice. k i and k j represent the intrinsic degree of attraction to each patch. Assuming the two patches are equally attractive when empty, the inherent probability of entering either of the patches will be 0.5.
When only one of the two patches contains conspecifics, the probability of entering that patch is close to 1 (figure 1b). When there are equal numbers of conspecifics on both patches, the probability of entering either patch is 0.5. However, when the number of conspecifics on one patch is slightly higher, the sheep will have a higher probability of entering that patch. The best fit to the experimental data was obtained with k i ¼ k j ¼ 0.1, and with 1 ¼ 0.001 for bold sheep (nonlinear regression: (b) Implementation of individual decision rules In the individual-based model (implemented in Java), three compartments are considered: the two patches (i and j) and the background. For each sheep, probabilities are assigned depending on personality type (shy or bold) and parameters derived from empirical data. At the beginning of a simulation run, sheep are initialized randomly in any one of the compartments. The probability of leaving a compartment then depends on the number of conspecifics in the same compartment (equation (3.1) ). When leaving a patch, sheep can only enter the background, whereas individuals on the background can enter either patch. The probability of entering patch i or j is given by the choice function (equation (3.2)), which depends on the relative number of sheep on the two patches. At each time step, these probabilities are updated and the individual decision to change compartments depends on a comparison between calculated probabilities and a random number between 0 and 1. In the simulation, the area of each compartment and the time scale (1 s per cycle) were preserved. A total of 1000 simulations were run for each combination of personality type and group size. Personality and group decision-making P. Michelena et al. 1095 (c) Simulation and predictions of the model (i) Simulation and experimental results for group sizes up to eight sheep The simulated and experimental distributions of sheep across patches were qualitatively similar. In both cases, the smallest groups (i.e. N ¼ 2 or 4) always grazed together on a patch, but there was an increasing likelihood of splitting into subgroups as group size increased, and bold sheep split into subgroups at smaller group sizes than shy sheep. Similarly, group splitting in the experiment mostly led to an equal number of sheep on each patch (figure 2), as predicted by the model.
(ii) Prediction of the model for larger group sizes When group size increases to N ¼ 10 and 12, the model predicts a greater difference between the distribution of bold and shy groups, with bold sheep distributed across both patches most of the time and shy sheep more likely to remain in single, cohesive groups (figure 3a,b).
(iii) Prediction of the model for larger numbers of patches For groups of eight individuals, when the number of patches increases but the total patch area is constant, the model predicts that the total number of sheep on patches will decrease as the square root of the number of patches. Although crowding is kept constant across the resource, simulated fragmentation leads to a decreasing number of sheep grazing on patches, but this decay may evolve more slowly than the rate of fragmentation. This probably reflects the increased crowding effects that would result from smaller patches, combined with reduced social attraction effects owing to a greater dispersion of sheep across the patches. However, bold sheep, which are less sensitive to social attraction, are predicted to exploit the patches better, with a larger number of individuals distributed across more patches ( figure 3c,d ).
(iv) Prediction of the model for varying proportions of bold and shy individuals For groups of 12 sheep, the model predicts an increasing likelihood of splitting into subgroups as the proportion of bold sheep increases, suggesting that collective decisionmaking within a mixed group reflects the different propensities of the individuals within the group, leading to intermediate foraging patterns (figure 3e).
DISCUSSION
Our model, based on experimental results, demonstrates how social attraction and sensitivity to crowding can act as key factors in decisions to enter or leave patches. Animal distribution patterns emerge from the combination of individual resource preferences, social attraction and the effects of crowding, which will limit the density of animals at feeding sites. Unlike the model of collective decision-making processes seen in cockroaches facing similar environmental heterogeneity (Amé et al. 2006; Jeanson & Deneubourg 2007) , our model does not only assume local, short-range interactions, but also considers long-range interactions between individuals. These long-range interactions increase the speed at which collective choices can be made. The effects of social attraction depend on a threshold response to the presence of conspecifics on patches. The model predicts that a slight difference in the sensitivity to conspecifics between bold and shy individuals (bold individuals having a lower value for the parameter 1 than shy ones) has a strong impact on collective decision-making as group size increases. This is consistent with the key role for nonlinearity processes found in recent theoretical models of collective movements (Couzin et al. 2005; Conradt et al. 2009 ). Our model is based on parsimonious and similar rules of interaction for bold and shy individuals which is in agreement with the assumptions of the shy-bold continuum. It suggests that no fundamentally different sets of behavioural rules need to be invoked for explaining the different distribution patterns of bold and shy groups of sheep. The magnitude of the behavioural differences between individuals, eventually amplified by social dynamics, rather than the existence of qualitatively different rules, may also account for the emergence of individuals behaving as leaders or informed individuals (Couzin et al. 2005; Stueckle & Zinner 2008; Conradt et al. 2009; Harcourt et al. 2009a) . For instance, behavioural type is highly predictive of leadership in pairs of foraging barnacle geese Branta leucopsis where, as expected, it is the bold individuals that mainly take the role of leader (Kurvers et al. 2009 ).
The organization of social groups has been shown to benefit from the existence of individual variation. For instance, variability among individuals in their sensibility to environmental stimuli contributes significantly to the regulation of division of labour and improves the productivity and fitness of eusocial insects (Beshers & Fewell 2001; Mattila & Seeley 2007; Oldroyd & Fewell 2007) . Similarly, the coexistence of different behavioural types within groups can positively influence mating success or foraging efficiency (Ward et al. 2004; Sih & Watters 2005; Dussutour et al. 2008; Nicolis et al. 2008; Pike et al. 2008; Harcourt et al. 2009a) . In shoals of guppies, it has been proposed that boldness and shyness may represent a producer-scrounger system (Dyer et al. 2009) . Similarly, our system with sheep could, to some extent, be likened to a producer -scrounger situation and it provides some evidence that the different tactics may arise mainly from differences in conspecific attraction, saving the cost of distinct phenotypes with qualitatively different behavioural rules.
Our model suggests that the coexistence of bold and shy individuals within a group influences collective decision-making. The theoretical explanation of the spatial distribution of sheep between patches in mixed groups relies on the assumption that individuals do not change their behaviour when interacting with others of different personality. However, empirical evidence suggests that individuals may adjust their strategies depending on group composition (Magnhagen & Staffan 2005) and that assortative preference for personality exists in mixed groups Harcourt et al. 2009b) . Further experiments are thus needed to compare the predictions of our model to the distribution patterns of experimental mixed groups in order to determine the extent to which the behavioural composition of the group can affect the behaviour of shy and bold individuals. Our model also provides a useful tool to make predictions about the behaviour of larger group sizes confronted with more fragmented resources than experimentally tested. Future experiments will be an opportunity to validate these predictions.
Our study suggests that variations in the proportion of behavioural types with groups may account for between-group variability observed at the population level (Aureli et al. 2008) , leading to increased collective behavioural plasticity. In fostering social coordination, personality differences might thus help to optimize the exploitation of environmental resources. Our results provide a general framework for addressing generic issues related to collective movement patterns emerging from the interplay between social and ecological motivations, such as group fission-fusion dynamics in response to habitat fragmentation.
Animal care and experimental manipulations were applied in conformity with the rules of the Guidelines for the use of , r 2 ¼ 0.99) simulated groups; (d) shows the average number of patches that contain sheep at any time as patch number increases; and (e) shows predicted frequency distributions of the proportion of sheep on the patches, for simulated mixed groups of 12 individuals, as a function of the proportion of shy sheep in the group.
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